Immunofluorescence studies revealed that adenovirus induces a reorganization of the cytokeratin system in lytically infected HeLa cells. At 24 h postinfection, the cytokeratin network began to disassemble into prominent spheroid globules. By 36 h postinfection, host cell lysis occurred, accompanied by the formation of perinuclear cytokeratin clumps and additional spheroid globules. Immunoblots detected 41-and 44-kDa fragments of cytokeratin 18 and reduced levels of cytokeratin 7 at 24 and 36 h postinfection. Cytokeratin proteins isolated from HeLa cells at 36 h postinfection were deficient in filament polymerization. The 41-kDa proteolytic cytokeratin 18-specific fragment was purified, and its amino-terminal sequence was determined to be GGIQNEKETM. These residues correspond to amino acids 74 through 83 of cytokeratin 18, identifying a cleavage site at the junction of the globular head domain and the at-helical rod domain. Moreover, this truncation event occurs at a consensus cleavage site for the adenovirus L3 23-kDa proteinase. The temperature-sensitive mutant H2-sl, which contains a mutation in the proteinase, neither induced cleavage of cytokeratin 18 nor precipitated the formation of spheroid globules during lytic infection at the nonpermissive temperature. The active proteinase is therefore required for cleavage of cytokeratin 18 and morphological rearrangement of the cytokeratins. We suggest that disruptions in the cytokeratin system weaken the mechanical integrity of the cell, thus promoting host cell lysis and release of progeny virions.
Actin filaments, microtubules, and intermediate filaments are components of the cytoskeleton. The intermediate filaments include the cytokeratins which form a highly stable and unusually insoluble protein fiber network in the cytoplasm of epithelial cells, imparting mechanical integrity to the cell (9, 26) . Different cytokeratin polypeptides all contain a conserved central region of about 310 amino acid residues that forms an extended at helix with three short non-a-helical interruptions. Long stretches of this conserved central region have repeated copies of a heptad repeat motif that forms a coiled coil (14) . In contrast to the conserved central domain, the amino-terminal and carboxyl-terminal domains of intermediate filaments are non-a helical and vary greatly in size and sequence across different cytokeratin proteins (8) . These variations in the head and tail domains allow one to classify cytokeratin proteins into two subfamilies, namely, the acidic or type I cytokeratins and the basic-to-neutral or type II cytokeratins. Type I cytokeratins exhibit immunological similarity and homology at the DNA level, and they tend to migrate as small, acidic polypeptides on a two-dimensional polyacrylamide gel. Type II cytokeratins likewise show immunological similarity and homology at the DNA level, but they migrate as larger, neutral-to-basic proteins (14) .
The mechanism for filament formation has been elucidated in molecular detail. In the first step, an acidic cytokeratin aligns in parallel with a basic cytokeratin to yield a coiledcoil dimer. Next, a tetramer is formed by antiparallel, staggered side-by-side aggregation of two dimers. Tetramers polymerize end to end to form a protofilament, and eight protofilaments then combine to produce the final 10-nm * Corresponding author. filament (25) . Cytokeratins with amino-terminal deletions are capable of coiled-coil and higher-ordered lateral interactions but are deficient in filament elongation (8) .
In the adenovirus field, studies of virus-cytoskeleton interactions have focused on vimentin, another class of intermediate filament. The extended vimentin system has been shown to collapse into the perinuclear region in adenovirusinfected monkey (22) , hamster (5) , and human (10, 31) cells. Belin and Boulanger (5) have shown that cleavage is mediated by a cellular, Ca2+-dependent enzyme. Vimentin cleavage products can be detected 5 min after addition of virus to a culture; as expected for a process that begins so rapidly, cleavage does not require viral gene expression since it is induced by empty viral particles (5) . In a similar vein, White and Cipriani (27, 28) 23, 7 , and 5% of the total cell protein, respectively (12) .
In vitro disassembly-assembly of intermediate filaments. 
RESULTS
Adenovirus infection induces a reorganization of the cytokeratin system. Indirect immunofluorescence was used to examine the morphological arrangement of the cytokeratin system in adenovirus-infected HeLa cells. The cytokeratins were probed with mouse monoclonal antibody KS-B17.2, which specifically recognizes K18, or mouse monoclonal antibody M20, which reacts exclusively with K8. Immunofluorescent images obtained by using KS-B17.2 were indistinguishable from images obtained by using M20. The progress of infection was monitored by double-label immunofluorescence with rat monoclonal antibody 9C10, which specifically recognizes the adenovirus E1B 55-kDa protein (30) .
Mock-infected HeLa cells exhibited a normal filamentous cytokeratin network extending throughout the cytoplasm (Fig. 1A) . At 12 h postinfection, the cytokeratins still appeared essentially normal (Fig. 1B) , and the presence of the E1B 55-kDa polypeptide demonstrated that the cells were properly infected (data not shown). A striking change was evident at 24 h postinfection. The cytokeratin system began to disassemble into prominent spheroid globules spread throughout the cytoplasm of the cells (Fig. 1C) . Residual cytokeratin filaments were nonetheless still visible at this time, especially in the perinuclear region. By 36 h postinfection, cytokeratin disassembly was complete. The rounded cells (Fig. 1D ) contained extensive spheroid globules throughout their cytoplasm, with no apparent cytokeratin filaments remaining. Other infected HeLa cells exhibited cytoplasmic cytokeratin clumps that stained intensely under immunofluorescence (Fig. 1E) . Extensive cell lysis occurred by this time, leaving assorted cytokeratin debris on the surface of the microscope slide (Fig. 1F) . These morphological perturbations in the cytokeratin system occurred with variable frequency, ranging in repeated experiments from 20 to 60% of the total population of infected cells at 36 h postinfection.
Proteolysis of K18 and reduced levels of K7 at 36 h postinfection with adenovirus. Western blots were performed to elucidate the biochemical basis for the observed morphological rearrangement. Cytokeratin-specific monoclonal antibodies were used to probe whole-cell protein samples from mockinfected cells, as well as cells at 12 h, 24 h, and 36 h postinfection. Since cytokeratins K7, K8, and K18 comprise the major keratin species in HeLa cells (24) , samples were first examined with the broad-range monoclonal antibody 8.13, which recognizes Kl, K5, K6, K7, K8, K10, Kll, and K18 (13) . Western blotting with antibody 8.13 ( Fig. 2A) revealed that substantial amounts of K7, K8, and K18 were present in mock-infected cells, and the normal expression pattern persisted through 12 h postinfection. At 24 h postinfection, the levels of K8 and K18 were still comparable to those in the mock-infected samples, but the signal for full-length K7 dropped perceptibly and novel 41-and 44-kDa cytokeratinspecific fragments appeared. By 36 h postinfection, K7 levels were reduced even further, the 41-kDa fragment became more prominent, and the 44-kDa fragment was barely detectable.
Monoclonal antibodies specific to individual cytokeratins were used to ascertain the identity of the 41-and 44-kDa cytokeratin-specific fragments. Both fragments were recognized by antibody CY-90 (Fig. 2B) . Since CY-90 binds specifically to K18 in mock-infected and 12-h postinfection samples, the observed immunological recognition strongly suggests that the 41-and 44-kDa fragments are specific proteolytic breakdown products of K18. Cleavage of K18 must be rather inefficient, because appreciable amounts of full-length K18 remain at 24 and 36 h postinfection (Fig. 2B) . As a control, the course of viral infection was monitored with monoclonal antibody B6-8 (18) , which binds exclusively to the adenovirus E2A 72-kDa protein. No E2A 72-kDa protein was present in mock-infected cells, while increasing amounts were seen at 12, 24, and 36 h postinfection (Fig. 2C) .
Cytokeratin proteins from cells at 36 h postinfection are deficient in filament polymerization. Since we had already established that adenovirus infection induces molecular and morphological perturbations to the cytokeratin system, we proceeded to investigate the effect of adenovirus infection on the polymerization of cytokeratin proteins. Mock-infected HeLa cells and HeLa cells at 36 h postinfection were sequentially extracted to the nuclear matrix-intermediate filament scaffolding, which greatly enriches for cytokeratin polypeptides (12) . After these samples were dissolved in 8 M urea, the proteins were allowed to repolymerize by dialysis against assembly buffer. Reassembled filaments were pelleted by centrifugation, leaving unpolymerized proteins in the supernatant. The pellet and supernatant fractions of both uninfected and infected cells were analyzed by Western blots. Immunoblots probed with antibody 8.13 revealed that high levels of K7, K8, and K18 were present in the pellet fraction but not in the supernatant fraction of uninfected cells (Fig. 3A) , indicating that cytokeratin proteins from mock-infected HeLa cells are fully competent for in vitro filament polymerization. In contrast, the samples prepared from cells at 36 h postinfection contained significant amounts of K8, K18, and proteolyzed K18 in both the pellet and supernatant fractions (Fig. 3A) . Therefore, the cytokeratin proteins of HeLa cells at 36 h postinfection appear to be functionally deficient in filament formation.
The polymerization competence of vimentin, another intermediate filament protein present in HeLa cells, was assessed by using monoclonal antibody RPN.1102 (Fig. 3B) (12) . Unfortunately, residual amounts of actin often remain in the nuclear matrix-intermediate filament fraction (7) . Since the molecular size of actin is 42 kDa (2) , it would migrate very near, and likely contaminate, the 41-and 44-kDa proteolytic fragments of K18 separated by polyacrylamide gel electrophoresis. One cycle of filament disassembly-assembly afforded an additional degree of purification, since actin segregated completely into the pellet fraction for both mock-infected and infected samples K8 , K18, and the 41-kDa cytokeratin-specific fragment (A), or the more specific antibody CY-90, which reacts exclusively with K18 and the 41-kDa cytokeratin-specific fragment (B). (C) The course of viral infection was monitored by using antibody B6-8, which interacts with the adenovirus E2A 72-kDa polypeptide. Bands representing cytokeratin-specific polypeptides and the adenovirus E2A 72-kDa protein, as well as the positions of markers, are labeled. (Fig. 3C) . Indeed, amido black staining of total protein revealed that few proteins were left in the supernatant fraction of mock-infected and infected samples (Fig. 3D) . The supernatant fraction of the 36-h postinfection sample therefore contained significant amounts of K8, K18, and 41-kDa proteolytic fragment (Fig. 3A) with little contaminating vimentin (Fig. 3B), actin (Fig. 3C) , or other proteins (Fig. 3D) .
The purified 41-kDa cytokeratin fragment was subjected to Edman degradation using a gas-phase protein sequenator. Its first 10 amino-terminal residues were GGIQNEKETM, precisely matching amino acids 74 through 83 of cytokeratin K18, located at the junction of its globular head and a-helical rod domains. Moreover, this sequence corresponded to an adenovirus L3 23-kDa proteinase consensus cleavage site (3).
We were unable to obtain unambiguous sequencing information on the minor 44-kDa proteolytic fragment, probably because of contamination from the more abundant 41-kDa fragment in the 36-h sample preparations.
H2-tsl neither induces proteolysis of K18 nor precipitates the formation of spheroid globules at the nonpermissive temperature. The adenovirus mutant H2-tsl contains a prolineto-leucine substitution at amino acid 63 of the L3 23-kDa polypeptide, which confers temperature sensitivity upon the viral proteinase of this mutant (29) . To test whether the viral proteinase did indeed cleave cytokeratin K18, HeLa cells were infected with either H2-tsl or its wild-type parent and then maintained at either the restrictive (39.5°C) or permissive (32°C) temperature. Cells were collected and processed for Western blot analysis after 20 h for the 39.5°C samples or 84 h for the 32°C samples.
Immunoblotting with monoclonal antibody CY-90 (Fig. 4 ) revealed that proteolysis of K18 occurred in H2-tsl-infected cells grown at the permissive temperature but not in H2-tslinfected cells grown at the nonpermissive temperature. In contrast, cells infected with the wild-type Ad2 exhibited proteolysis of K18 regardless of whether the cells were maintained at 32 or 39.5°C. These data demonstrate that the active adenovirus proteinase is necessary for efficient cleavage of the K18 peptide.
The essential role of the adenovirus proteinase was underscored in a parallel set of immunofluorescence experiments. H2-tsl-infected cells contained spherical globules when maintained at the permissive temperature (Fig. 5A) , while at the restrictive temperature, H2-tsl-infected cells exhibited no reorganization of their cytokeratin systems (Fig. SB) . On the other hand, cells infected with the parental Ad2 developed spherical globules when propagated at both 32°C (Fig.  5C ) and 39.5°C (Fig. SD) . Thus, the active adenovirus proteinase is required for morphological rearrangement of the cytokeratin network.
DISCUSSION
The amino-terminal residues of the 41-kDa cytokeratin fragment matched amino acids 74 through 83 of cytokeratin K18 (Fig. 6, bold italics) , confirming that it is a proteolytic A. 8.13 In vitro disassembly-assembly assay. Intermediate filaments were extracted from mock-infected HeLa cells or cells at 36 h postinfection and subjected to one cycle of in vitro disassembly-assembly. Reassembled filaments were pelleted by ultracentrifugation, leaving soluble proteins in the supernatant (sup). Both soluble and pellet fractions were subjected to polyacrylamide gel electrophoresis, and proteins were electrophoretically transferred to nitrocellulose. Three identical blots were probed with monoclonal antibody 8.13 , which recognizes K7, K8, K18, and the 41-kDa cytokeratin-specific fragment (A), monoclonal (Fig. 2B) . Furthermore, the K18 fragment would possess an isoelectric point 0.37 unit more acidic than that of intact K18 (11) . An unidentified 40-kDa protein which appears in the nuclear matrix-intermediate filament scaffolding of HeLa cells late after adenovirus infection and migrates roughly 0.40 unit to the acidic side of K18 has been described previously (32). It is probably identical to our 41-kDa proteolytic product of K18.
The cleavage event at amino acid 74 of K18 (Fig. 6 , straight arrow) separates the head domain from the a-helical rod domain (Fig. 6, shaded region) , creating a headless K18 protein. Transfection of cDNAs coding for full-length K8 and headless K18 into mouse 3T3-L1 cells, which normally express no cytokeratins, induces the formation of cytokeratin clumps and spheroid globules (4). The cytokeratin patterns in the transfected cells thus bear a marked resemblance to the spheroid globules (Fig. 1D ) and cytoplasmic clumps (Fig. 1E ) that we observe in adenovirus-infected HeLa cells. The start site of the transfected headless K18 at amino acid 83 (Fig. 6 , bent arrow) lies only nine amino acids away from the site of adenovirus-induced K18 cleavage at amino acid 74 ( ogous because the transfection experiment constructs a de novo cytokeratin system in 3T3-L1 fibroblasts, whereas the adenovirus-induced cleavage occurs against a background of wild-type cytokeratins. However, transfection of the kidney epithelial cell line PtK2 with cDNAs coding for an aminoterminally deleted K14 polypeptide disrupts the endogenous K7, K8, K18, and K19 filament system into filamentous fragments and spheroid bodies, demonstrating that the phenotype for truncated cytokeratins can be dominant over the phenotype for full-length, wild-type cytokeratins (1) .
It is well established that cytokeratins with amino-terminal deletions are capable of coiled-coil and higher-ordered lateral interactions but are deficient in filament elongation. In fact, cytokeratins with amino-terminal deletions significantly inhibit the elongation of wild-type cytokeratins, even when the mutant cytokeratin comprises only 1% of the total type I cytokeratin in the assembly mix (8) . Therefore, headless K18 protein is likely to be a crucial factor for the inhibition of filament polymerization at 36 h postinfection. The reduced concentration of full-length K7 might also impair filament polymerization, although the chemical basis for such an effect remains unclear at this point.
Examination of the amino acid sequence in the vicinity of the cleavage site on K18 reveals two matches to the adenovirus proteinase consensus sequence, which has the generalized form (I/L/M)XGG l X and (I/L/M)XGX I G (3). In particular, K18 conforms to the proteinase recognition sequence IXGG I X at amino acids 66 through 70 (Fig. 6, parentheses), and it also contains the proteinase recognition sequence LXGX I G at amino acids 70 through 74 (Fig. 6,   parentheses) . Cleavage of K18 by the adenovirus proteinase at the latter consensus sequence site (Fig. 6 , straight arrow) would be expected to yield a headless cytokeratin protein with an amino-terminal sequence of GGIQNEKETM (Fig. 6,  bold italics) , a predication consistent with our sequencing data. We therefore have strong evidence that the adenovirus proteinase cleaves K18 at the consensus sequence LXGX I G. It is still unknown whether cleavage also occurs at the upstream consensus sequence IXGG I X.
In addition to its effect on K18, the adenovirus proteinase might be responsible for the disappearance of full-length cytokeratin K7. Inspection of the K7 amino acid sequence (11) yields two matches to the adenovirus proteinase consensus sequence LXGX I G, one in the head domain at amino acids 38 through 42 and one in the tail domain at amino acids 402 through 406. Given our evidence that the adenovirus proteinase cleaves at LXGX I G in the K18 peptide, it is tempting to speculate that cleavage at one or both of the LXGX I G sites present in the K7 peptide leads to the observed dramatic loss of full-length K7 protein ( Fig. 2A) .
Proteinase enzyme activity does not reach a maximum until 20 h postinfection (6), a time that correlates well with the appearance of spheroid globules, truncated cytokeratins, and deficient polymerization at 24 and 36 h postinfection. The experiments with H2-tsl further implicate the adenovirus proteinase as a causative factor in the reorganization of the cytokeratin system. Lytic infection with H2-tsl at the restrictive temperature neither precipitates the cleavage of K18 (Fig. 4) nor causes the formation of spheroid keratin globules (Fig. 5B) , which demonstrates that the active adenovirus proteinase is necessary for efficient induction of perturbations to the cytokeratin system.
Our data identify a previously undiscovered role for the adenovirus proteinase. Expression of the proteinase late in the viral life cycle leads to truncation of cytokeratin K18 at the proteinase recognition sequence LXGX I G, creating a 41-kDa headless K18. The proteinase probably also reduces the level of full-length cytokeratin K7 by cleaving at one or both of the LXGX I G sites present in the head and tail domains. The truncation events severely disrupt the filamentforming capability of the keratin proteins in vitro and presumably also in vivo. The inability to form filamentous polymers then induces a morphological disassembly of the cytokeratin network into spheroid globules and cytoplasmic clumps.
A normal cytokeratin system helps to maintain the mechanical integrity of epithelial cells, while morphological perturbations to the cytokeratin network can lead to cytolysis (9, 26) . Disassembly of the cytokeratin network during the late phase of adenovirus infection could make the host epithelial cell more susceptible to mechanical rupture and thus facilitate the release of progeny virion particles. Such a strategy would clearly enhance viral spread and may indeed influence pathogenesis. Histological samples derived from infant respiratory tracts after fatal adenovirus infection exhibit extensive destruction of bronchial epithelium and bronchial glands (23) , an interesting observation in light of the fact that bronchial epithelium is known to contain both K7 and K18 proteins (17) .
Recent reports indicate that human immunodeficiency virus type 1 (HIV-1) may pursue a similar strategy. The HIV-1 protease cleaves the intermediate filament proteins vimentin, desmin, and glial fibrillary acidic protein (19 
